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Recent advances in nanoparticulate biomimetic
catalysts for combating bacteria and biofilms
Xueqing Xiong,a Yanyan Huang,b Changxu Lin, a Xiang Yang Liu a,c and
Youhui Lin *a
Due to the abuse of antibiotics and the tendency of bacteria to form protective biofilms, the design
and development of new efficient agents that can eliminate bacteria and biofilms are still highly desired
but remain a great challenge; on the other hand, natural enzymes with unique catalytic characteristics
can cause an irreversible damage to the bacteria without inducing drug-resistance in the bacteria.
However, the intrinsic drawbacks, such as insufficient stability and high purification cost, of enzymes
significantly limit their antimicrobial applications. Therefore, significant research efforts have been
devoted towards the development of quality-equivalent or even superior enzyme substitutes with low
cost and high stability. In this regard, nanomaterials with extraordinary enzyme-mimetic catalytic activi-
ties (termed as nanozymes) are considered as suitable candidates. To date, nanozymes have been
proved to be promising materials for combating bacteria and biofilms under mild conditions. In this
review, we have summarized the recent progress of nanozymes in this highly active field. The antibac-
terial mechanisms of nanozymes and the roles of their sizes, morphologies, compositions, surface
modifications and microenvironment on their overall performance have been discussed. Moreover, the
current challenges and prospects in this research area have been discussed. We believe that nanozymes
with unique features and functions can provide a wealth of opportunities via their clinical and industrial
applications.
Bacterial infection, one of the primary causes of morbidity
and death, is a global problem that humankind must solve. To
date, antibiotics have been widely and frequently used for the
treatment and prevention of these infections. However, the
abuse of antibiotics has prompted the emergence of drug-
resistant bacteria such as methicillin-resistant Staphylococcus
aureus (S. aureus). Bacteria can adapt or become resistant to
antibiotics via a variety of ways such as by inactivating the
enzyme, decreasing the cell permeability, changing the target
site, and increasing the efflux;1 therefore, due to the increas-
ingly serious antibiotic resistance of pathogenic bacteria, it
has become difficult to combat them.1 Moreover, biofilm is a
community of bacteria with close communication in a matrix
of extracellular polymeric substances (EPS). In addition, bio-
films can hold the bacteria together and form recalcitrance to
treatment by antibacterial agents;1 therefore, the design and
development of new and efficient antimicrobial agents is still a
key challenge. Recent advances in nanoscience and nano-
technologies have provided opportunities for the use of nano-
materials as components towards the development of antibac-
terial and antibiofilm agents: (1) nanostructured materials can
be used as nanocarriers to achieve efficient delivery of antimi-
crobials or drugs;2–4 (2) many nanomaterials themselves
possess intrinsic antibacterial and antibiofilm activities;5,6 and
(3) due to the intrinsic antibacterial potential or other special
properties of nanomaterials, their presence can help the for-
mation of synergistic systems that combine two or more anti-
microbial agents or the construction of smart on-demand
therapeutic modalities.7,8 To date, many nanomaterials with
antibacterial activities have been well investigated to kill
bacteria.1,7–11 The widely explored Ag nanoparticles, for
example, have been reported to have good antibacterial
activity, which is mainly because of the release of Ag+ that trig-
gers the production of intracellular reactive oxygen species
(ROS) and thus causes the lysis of a broad spectrum of bac-
teria;12 although these nanoparticles are promising, their
inherent cytotoxicity limits their development.12 In addition,
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some photocatalysts can serve as antibacterial agents by
photo-catalytically causing oxygen reduction and generating
reactive oxygen species such as •O2− and H2O2.
13,14 Recently,
nanomaterials with enzyme-like activities have also been dis-
covered to combat bacteria and biofilms. These catalytically
active nanomaterials are also termed as nanozymes.1 The use
of nanozymes as antimicrobial agents takes inspiration from
nature.
In living systems, some natural self-defense systems exist
that utilize biocatalysts to irreversibly damage the bacteria or
disrupt the biofilm integrity. For example, peroxidase and
oxidase in lysosomes can catalyze the generation of ROS to
combat bacterial invasion. However, natural enzymes often
suffer from inherent shortcomings such as high cost and poor
stability. Recently, tremendous efforts have been devoted
towards the construction of nanozymes15–19 including metal-,
metal oxide-, sulfide metal-based nanomaterials,20–23 carbon-
based nanomaterials,24 and nano-hybrids.25,26 Compared with
natural enzymes, nanozymes are cost-effective and more sus-
tainable. Moreover, these nanoparticulate biomimetic catalysts
as antimicrobial agents show good biocompatibility under the
dosage needed to achieve an effective clinical outcome, special
chemical and physical properties (e.g., optical, electronic, and
magnetic properties), tunable surface properties, and ease of
functionalization for enhancing the antibacterial efficiency.
These unique properties may offer a possibility for the develop-
ment of novel multifunctional antimicrobials. Recently, the
utilization of nanozymes in fighting multi-drug resistant bac-
teria and biofilms has become a hot research area.27–29
Although many excellent studies have been reported in this
regard, to the best of our knowledge, no comprehensive review
has been devoted towards the current progress. Herein, this
review provides an update on the recent developments of these
nanoparticulate biomimetic catalysts in combating bacteria
and biofilms. The antibacterial mechanisms and the roles of
their sizes, morphologies, compositions, surface modifi-
cations, and microenvironment on their overall performance
have also discussed in this review (Scheme 1). Furthermore,
the current challenges and prospects of nanozymes in this
area have been discussed. We hope that the introduction of
nanozymes can broaden the research fields of combating bac-
teria and biofilms and enlarge the range of new possibilities
for catalytically active nanomaterials.
The antibacterial mechanisms of
nanozymes
To date, many nanozymes have been discovered to possess
intrinsic antibacterial and antibiofilm activities (Table 1).
Although the mechanisms of these unexpected activities have
not been thoroughly studied and fully understood, they mainly
involve the following three aspects:
(1) The generation of highly active ROS products by redox
nanozymes. Most of the antibacterial activities of nanozymes
originate from their ability to modulate the level of ROS such
as hydroxyl radical (•OH) and superoxide anion (O2
•−).30 Owing
to their high oxidation capability, ROS can attack bacteria and
biofilms and unselectively defunctionalize many biomolecules
such as lipids, proteins and nucleic acids, leading to the dis-
ruption of the bacterial cytoplasmic membrane, DNA damage,
and protein deactivation. Moreover, it is difficult for the bac-
teria to develop resistance to these antimicrobials as they
cause membrane destruction; therefore, by increasing the
level of ROS, the bacteria may be quickly and efficiently
killed.14,31,32
As is known, H2O2 alone can serve as a common antibac-
terial agent. To achieve good antibacterial performance, a
relatively higher concentration of H2O2 (0.5–3%) is often
needed.33 However, healthy tissues may also be affected when
exposed to this high level of H2O2.
32,33 Fortunately, the pres-
ence of peroxidase-like nanozymes can decompose H2O2 into
the highly oxidative •OH.33,34 In this way, a much lower con-
centration of H2O2 is needed to achieve higher antibacterial
efficacy, which is more friendly to the organism. We observed
that the formation of •OH by peroxidase-like nanozymes
might depend on their types. For gold nanoparticle-based
peroxidase mimics, H2O2 can be adsorbed on the surface of
gold nanomaterials, and then, the O–O bond of H2O2 may be
broken into double hydroxyl radicals.35 In addition, nano-
materials with oxidase-like activity can modulate the level of
ROS by catalytically producing •O2
− from oxygen. In this way,
the supply of H2O2 is no longer necessary to exert antibacter-
ial effects.36
(2) The cleavage of extracellular DNA (eDNA) by hydrolytic
nanozymes. eDNA is one of important EPS constituents for
many bacterial species and has a very significant role in main-
taining the biofilm integrity.16,37 Deoxyribonuclease (DNase)
mimics can cleave eDNA to inhibit the formation of biofilms
and disperse the established biofilms.
(3) The interference of quorum sensing by haloperoxidase
mimics. Haloperoxidase mimics that can quench auto-indu-
cers (small molecules related to quorum sensing) have been
reported to successfully prevent biofilm growth and disrupt
biofilms.38
Scheme 1 Schematic of the biofilm formation model and nanoparticu-
late biomimetic catalysts for combating bacteria and biofilms.
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A single antibacterial system based on
nanozymes
The ongoing accumulation and continuous innovation of
nanozyme systems have enabled the nanozymes to control the
bacterial infection. As catalysts, the activities of nanozymes are
affected by many factors such as their sizes, morphologies,
compositions, surface modification and microenvironment.
Thus, an enhancement in the activity of nanozymes may lead
to better antimicrobial performance.
Based on the important influence of size on the activity of
nanozymes as well as the better penetration of ultrasmall-sized
nanozymes into bacterial cells, Wang et al. have demonstrated
that ultrasmall mercaptopyrimidine-conjugated gold nano-
clusters exhibit excellent oxidase- and peroxidase-like activities
and induce the generation of intracellular ROS after their
entry. Compared with 6 nm gold nanoparticles, the obtained
gold nanoclusters possessed significantly higher antibacterial
activity. Especially, 4,6-diamino-2-mercaptopyrimidine-conju-
gated Au NCs (AuDAMP) exhibited superior antibacterial
effects on both Gram-positive and Gram-negative bacteria than
other mercaptopyrimidine-conjugated Au NCs. As illustrated
in Fig. 1, the highly positively charged AuDAMP could electro-
statically adsorb on the surface of the bacteria and destruct
the cell membrane; this led to its efficient internalization. In
this way, AuDAMP with oxidase- and peroxidase-like activities
could induce a dramatic increase in the intracellular ROS level,
accelerating the death of bacteria. A mouse skin infection
model was further designed to value their potential biological
application. Moreover, the experimental data demonstrated
wound healing and 99% antibacterial efficacy with treatment
using AuDAMP (0.1 mL, 10 μg mL−1) after 10 days.23 Moreover,
a recent study has reported that single-atom nanozymes, ZIF-8-
derived carbon nanomaterials, within which unsaturated Zn–
N4 sites have been atomically dispersed, has a high peroxi-
dase-like activity to catalytically decompose H2O2 into
•OH.
The generated •OH exerted outstanding property of attacking
the bacteria. This enzyme-like catalytic activity might be attrib-
uted to the unsaturated Zn–N4 active sites in these single atom
nanozymes where H2O2 was absorbed, activated and then
decomposed. In the presence of the single-atom nanozymes
and a low dosage of H2O2 (100 μM), up to 99.87% of
P. aeruginosa growth could be prevented. Moreover, the wound
Table 1 Enzyme-mimetic nanoparticles against pathogens
Types of nanoparticles Enzyme-mimetic activities Antibacterial mechanisms Targets
Single atom nanzozyme39 Peroxidase-like activity Generation of •OH P. aeruginosa
o-CNTs40 Peroxidase-like activity Generation of •OH S. aureus, E. coli
Modified CuO nanorods41 Peroxidase-like activity Generation of •OH E. coli
Graphene quantum dots38 Peroxidase-like activity Generation of •OH S. aureus, E. coli
AuDAMP23 Peroxidase- and oxidase-like activity Generation of •OH and •O2
− E. coli, A. baumannii,
P. aeruginosa, MRSA,
MDR K. pneumoniae, VRE
Pt hollow nanodendrites42 Peroxidase- and oxidase-like activity Generation of •OH and •O2
− S. aureus, E. coli
GQD/AgNP hybrids36 Peroxidase- and oxidase-like activity Generation of •OH and •O2
− S. aureus, E. coli
Mesoporous Silica-Supported
gold Nanoparticles38
Peroxidase- and oxidase-like activity Generation of •OH and •O2
− S. aureus, E. coli
Porous Pt/Ag nanoparticles38 Peroxidase- and oxidase-like activity Generation of •OH and •O2
− S. aureus, E. coli
PEG-MoS2 nanoflowers
32 Peroxidase-like activity Combination of the generation
of •OH and photothermal therapy
E. coli, B. subtilis
CaO2/H-G@alginate
43 Peroxidase-like activity Generation of •OH in cascade
reaction
S. aureus, E. coli
IOPs44 Peroxidase-like activity Combination of the generation of
•OH and the antibiotic methicillin
Biofilms
DMAE45 DNase-like activity Multivalent CeIV center for hydro-
lyzing eDNA
Biofilms
MOF−2.5Au–Ce
46 DNase- and peroxidase-like activity Multivalent CeIV center for hydro-
lyzing eDNA, generation of •OH
Biofilms
V2O5 nanowires
38 Haloperoxidase-like activity Generation of HOBr for the
bromination of the signal molecules
Biofilms
CeO2−x nanorod
47 Haloperoxidase-like activity Generation of HOBr for the
bromination of the signal molecules
Biofilms
Fig. 1 Schematic of Au NCs as an antibacterial agent with oxidase- and
peroxidase-like catalytic properties. Reprinted with permission from ref.
23. Copyright ACS 2018.
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infection model further illustrated that with the assistance of
the nanozymes and H2O2, the wound could completely heal
after 6 days. This study contributed to the advancement of
single-atom catalysts for biological applications.39
Modulation of the morphology can change the contact area
with the substrates and the utilization of active sites, which is
bound to dramatically impact the activity. Using various syn-
thesis methods, nanomaterials with numerous morphologies,
including rod, sheet, cage, and needle, have been developed.
For example, Ge et al. have synthesized Pt hollow nanoden-
drites through chemical deposition and etching. They have
reported that the obtained hollow nanodendrites can exhibit
higher peroxidase-like activity than the Pd@Pt core-frame
nanodendrites. This might be due to the high-index facets of
the Pt branches and more exposure of the active sites.
Moreover, the Pt hollow nanodendrites possessed oxidase-like
activity, which was further beneficial to achieve higher antibac-
terial property. In the presence of 10 μM H2O2, the Pt hollow
nanodendrites could kill S. aureus and Escherichia coli (E. coli)
with the general lethality of 71.9%. Moreover, the experimental
data of the mouse model showed that a bio-safe dosage of the
nanozyme with relatively low concentration of H2O2 could
work well in wound disinfection.42
More interestingly, metal- or inorganic-based nanohybrids
have also attracted researchers’ attention because the inter-
action between different components can offer the possibility
of creating novel or superior properties. Recently, Chen and co-
workers have successfully designed a graphene quantum dot/
Ag nanoparticle (GQD/AgNP). Due to the synergistic effect
between different components, the hybrids could exhibit not
only an enhanced oxidase-like activity arising from the AgNPs,
but also a higher peroxidase-like activity due to the faster elec-
tron transfer and reduction of –C–OH on the GQD. When bac-
teria were treated with GQD/AgNP hybrids (2 μg mL−1), only
33% of S. aureus and 18% of drug-resistant E. coli survived. On
the contrary, the commercial antibiotics ampicillin and amoxi-
cillin showed little antibacterial efficacy even at the concen-
tration of 100 μg mL−1. Further studies have demonstrated
that with the addition of H2O2 or the introduction of photo-
dynamic therapy, the antibacterial efficacy would be enhanced;
based on these observations, it has been confirmed that nano-
hybrids can efficiently generate ROS and thus exhibit excellent
antibacterial activity against bacteria.36
In addition to the regulation of size, morphology, and com-
positions as abovementioned, surface modification, microenvi-
ronment adjustment,16 and application of external power41 are
feasible strategies to improve the antibacterial effects of nano-
zymes. To date, surface modification has been widely applied
to endow multiple functions and improve the properties of
nanozymes. For example, some polymers, such as chitosan,
can act as stabilizers of AgNPs to prevent their aggregation and
improve their stability.48 In addition, biotics, such as vancomy-
cin, can be coupled to some metal nanoparticles for targeting
a wide range of bacteria.49 These surface modification
methods would be beneficial for the performance of antibac-
terial agents. For example, since the carbonyl groups on
carbon nanotubes are active sites for their peroxidase-like
activity, whereas the carboxyl groups and hydroxyl groups are
the competitive sites, the oxygen-group-enriched carbon nano-
tubes (o-CNTs) can be modified to have higher peroxidase-
mimetic activity by blocking the carboxyl groups. The modified
o-CNTs were proved to demonstrate improved antibacterial
effects when employed in disinfection.40 External power, such
as light, can also be a tool to modulate the enzyme-like activi-
ties of some nanoparticles.50 CuO nanorods (CuO NRs),
designed to possess appropriate energy-band structures, were
reported to show enhanced peroxidase-like activity when
exposed to visible light. In this study, the synthesized p-type
semiconducting CuO NRs had typical narrow band gaps that
allowed the nanorods to absorb visible light. When they were
activated under light illumination, their affinity to H2O2 was
over 4 times that of the unilluminated nanorods, resulting in
20 times enhancement in the •OH production rate (Fig. 2A). As
shown in Fig. 2B, under light illumination, more •OH species
were generated when compared with the case of the dark con-
dition, causing severe damage to bacteria with the same
dosage of H2O2.
41 This light-tuning-activity method might
introduce a highly attractive way to trigger on-demand antibac-
terial function.
Moreover, a recent report showed that the presence of histi-
dine on the surface of Fe3O4 nanoparticles could enhance the
intrinsic peroxidase-like activity of Fe3O4 nanoparticles. With
the assistance of histidine, H2O2 could be accurately located in
the active site cavity. It was proved that with similar size or
morphology, histidine-modified Fe3O4 nanoparticles had a
better affinity towards the substrates and higher peroxidase-
like activity than naked-Fe3O4.
51 The key of this method was to
use biocompatible alternatives to mimic the structures of
Fig. 2 Antibacterial performance of the CuO NRs under visible light
illumination. (A) Schematic of antibacterial efficacy based on the
enzyme-like activity of CuO NRs; (B) representative TEM images of
E. coli after different treatments: (a) untreated; (b) CuO NRs + H2O2 in
the dark; (c) CuO NRs + H2O2 with visible light illumination. Reprinted
with permission from ref. 41. Copyright ACS 2018.
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natural enzymes for enhancing the catalytic performance.51,52
Inspired by this study, Wang et al. used poly (2-acrylamido-2-
methyl-1-propane sulfonic acid)-based hydrogels to act as good
carriers and offer Fe3O4 nanoparticles with better affinity to
the substrates. By modulating the crosslinking concentration
of the hydrogels, the affinity to H2O2 could be adjusted such
that the peroxidase-mimetic activity of the Fe3O4 component
was improved.53 Overall, it is conceivable that by providing an
appropriate microenvironment, the catalytic activity, such as
oxidase- and peroxidase-like activity, of nanozymes can be
greatly improved, leading to enhanced antibacterial performance.
A synergetic antibacterial system
based on nanozymes
Nanozyme-based synergetic systems can also be applied for
increasing the antibacterial efficiency and selectivity.38 The use
of sterilizing molecules, photothermal treatment and anti-
biotic delivery are promising strategies in this regard.9,54,55 It
is well established that organosulfur compounds, such as
allicin, are main contributors to the antibacterial performance
of garlic bulbs. However, for a single kind of organosulfur
compounds, the instability and relatively poorer antibacterial
effects limit their potential biomedical applications. To this
end, recent studies have started to explore the possibility of
nanoscale metal sulfides as antibacterial agents. Among them,
nano-scale iron sulfides (nFeS) converted from organosulfur
compounds (e.g., cysteine, DADS, or DATS) have attracted
researchers’ attention. It was found that cysteine0.5-nFeS, in
which 0.5 g of cysteine was added in a total volume of 50 mL
of the solvothermal system, could exhibit superior antibacter-
ial efficacy and broader antibacterial performance. Their anti-
bacterial effects can be several hundred times higher than
those of garlic-derived organosulfurs; further studies have
indicated that hydrogen disulfane and hydrogen trisulfane,
which are released from the oxidative and nanostructural
transformations on nFeS (Fig. 3A and B), respectively, are
mainly responsible for the antibacterial efficacy of nFeS; this
result is based on the fact that H2S2 and H2S3 can kill bacteria
and disrupt the biofilm integrity efficiently. Moreover, H2O2
decomposition, catalyzed by the intrinsic peroxidase-like
activity, could promote the oxidation of nFeS to accelerate the
polysulfane release as well as increase the bacteria-killing
efficacy of H2O2. The correlation of free sulfide release and the
H2O2 concentration reflected from OD340 nm (the absorbance
at 340 nm that characterized free sulfide in the supernatant) in
Fig. 3C further verified this conclusion. Wound healing in
animal experiments also indicated the great potential of poly-
sulfanes to combat bacteria and biofilms through the synergis-
tic effect of the enzyme-like activity and catalysis-accelerated
release of polysulfanes (Fig. 3D).56
Photothermal therapy is an attractive strategy that has
recently been explored to be incorporated into nanozyme
systems for antibacterial applications. During this therapy,
abundant heat can be generated by the photo-absorbing
agents under near-infrared (NIR) irradiation.57 A previous
study has proved that molybdenum disulfide (MoS2) nano-
materials possess excellent peroxidase-like activity and high
efficiency of NIR photothermal conversion. Inspired by these
unique properties, Zhao, Gu, and coworkers have constructed
polyethylene glycol-functionalized molybdenum disulfide
nanoflowers (PEG-MoS2 NFs) for antibacterial applications
(Fig. 4A). The experimental data showed the concentration-
dependent and NIR irradiation-promoted antibacterial per-
formance of the PEG-MoS2 NFs. As shown in Fig. 4B, a dra-
matic decrease in the bacterial viability was observed with an
increase in the concentration of PEG-MoS2 NFs. Moreover,
under 808 nm NIR irradiation, the bacterial viability declined
significantly. By combining the peroxidase-like capacity and
photothermal property, the obtained PEG-MoS2 NFs achieved
almost 100% sterilization rate. The wrinkled morphology of
the bacteria shown in the SEM images further proved the
severe damage caused by the treatment of MoS2–H2O2 with
NIR irradiation (Fig. 4C).32
Although ROS is deadly to bacteria, the premise is that
ROS efficiently acts on the targeted bacteria. In this way, accu-
rate and controllable delivery becomes a vital point that
needs careful consideration. To solve this problem, the intro-
duction of the targeting effect can be a practical way.4
Recently, Qu, Ren, and coworkers successfully designed a
novel nanocomposite, where prodrug ascorbic acids were
encapsulated in hyaluronic acid-dopamine conjugate-deco-
Fig. 3 The antibacterial activity of nFeS based on polysulfane release.
(A) Schematic showing the polysulfane release from nFeS. (B) The ratio
of different kinds of polysulfanes in the supernatant by LC–MS/MS. (C)
Increase in polysulfane release driven by H2O2 via catalysis. (D)
Sterilization and infected-wound healing using the nFeS regimen.
Reprinted with permission from ref. 56. Copyright 2018 Nature
Publishing Group.
Minireview Nanoscale
22210 | Nanoscale, 2019, 11, 22206–22215 This journal is © The Royal Society of Chemistry 2019
Pu
bl
is
he
d 
on
 1
9 
A
ug
us
t 2
01
9.
 D
ow
nl
oa
de
d 
by
 X
ia
m
en
 U
ni
ve
rs
ity
 o
n 
2/
10
/2
02
0 
1:
50
:4
2 
A
M
. 
View Article Online
rated graphene-mesoporous silica nanosheets. Vancomycin-
modified ferromagnetic nanoparticles were then carried on
them. As is well-known, vancomycin is a kind of antibiotics
that can bind specifically to the amino acid residues of the
glycanpeptidyl precursor on the bacterial cell wall to interfere
with peptidoglycan synthesis, finally damaging and killing the
bacteria.58 Therefore, once vancomycin guided the nanoagents
to the bacterial surface, the degradation of the hyaluronic acid–
dopamine conjugates caused by bacteria could promote the
release of ascorbic acids. In addition, ferromagnetic nano-
particles could catalytically induce ROS generation near the bac-
teria. Moreover, the excellent photothermal property of gra-
phene further contributed to the sterilizing effects.34
Traditional nanozyme-based antibacterial systems require
the supply of H2O2. However, a recent study has claimed that
to realize great antibacterial efficacy, the additional adminis-
tration of H2O2 is not necessary. In a system where CaO2 and
hemin-loaded graphene were integrated into alginate (CaO2/
H-G@alginate), CaO2 could react with water to self-generate
H2O2, which was, in turn, transformed into highly toxic
•OH
with the assistance of hemin-loaded graphene. The results
obtained after coincubating CaO2/H-G@alginate with Gram-
positive S. aureus and Gram-negative E. coli well evaluated the
great germicidal activity of this system. The survival of
S. aureus and E. coli decreased to 9.1% and 4.6%, respectively.
Moreover, it was proved in the in vivo biofilm model that CaO2/
H-G@alginate could inhibit biofilm formation and destruct
the biofilms, causing over 90% reduction of biomass after
treatment for 24 h.43 This nanozyme-based cascade system
might open a new avenue for preventing bacterial infection in
the absence of H2O2.
Nanozymes for combating biofilms
A biofilm, as a community where multiple microbial cells live
in a complex matrix EPS, consists of many components such
as proteins, polysaccharides, nucleic acids and other bio-
molecules.59 The formation of a biofilm may involve three
stages: the attachment of bacteria to the surface of the sub-
strates for initial colony formation, the microcolony formation,
and differentiation into a mature biofilm. Notably, some
necessary quorum sensing molecules are responsible for regu-
lating the growth of biofilms.59–61 Biofilms are inherently recal-
citrant to antimicrobials. On the one hand, it could be due to
the failure of these antimicrobials to penetrate into the matrix.
On the other hand, it has also been reported that intercellular
communication can induce the quick response of microbes
and regulate metabolism. Through this progress, microbes
could adapt to the new environment quickly with improved re-
sistance.62 The formation of a biofilm provides a significant
challenge to the sterilization and infection treatments.
Therefore, it is urgent to develop novel and highly efficient
agents for combating biofilms.
ROS, as strong oxidants, can destroy biofilms by destroying
the important components and bacteria in the biofilm matrix.
However, as the bacteria in biofilms are closely connected, ROS
catalytically induced by nanozymes should have the capability of
thoroughly destroying the entire biofilm such that biofilms do
not regenerate. Moreover, good binding ability and activity reten-
tion within the biofilm are highly beneficial to the disruption of
biofilms. To achieve this goal, catalytic nanoparticles containing
Fe3O4 (CAT-NPs) were successfully constructed by the Koo’s
group. The CAT-NPs were able to well retain their peroxidase-like
activities throughout the S. mutans biofilms and could penetrate
the biofilms in depths ranging from 25 to 150 μm.
Consequently, the generation of ROS in situ could realize the
efficient disruption of the S. mutans biofilm, inhibiting the
development of caries efficiently.62 Similarly, ferumoxytol nano-
particles with peroxidase-like capacity were also found to be able
to disrupt intractable biofilms and prevent dental caries.63
Interestingly, this biocompatible nanomaterial with antibiotics
together can be loaded into nanocarriers to realize cooperation
in combating the biofilms. Polymersomes have been shown to
co-encapsulate hydrophobic superparamagnetic iron oxide nano-
particles (SPIONs) and the hydrophilic antibiotic methicillin for
the treatment of caries. Under an external magnetic field, the
iron oxide-encapsulating polymersomes (IOPs) could penetrate
deeper in the biofilms, promoting the delivery of the antibiotics.
Thus, the IOPs were able to generate ROS via the encapsulated
nanozymes and released antibiotics in a 20 μm thick
Staphylococcus epidermidis biofilm (Fig. 5A). Confocal laser scan-
ning microscopy analysis results shown in Fig. 5B demonstrated
that 40 μg mL−1 SPION and 20 μg mL−1 of methicillin containing
IOPs could achieve complete eradication of methicillin-resistant
S. epidermidis biofilms, the main cause of dental caries.44
In addition to the oxidoreductase mimics for combating
the biofilms, nanomaterials with hydrolase-like property can
also serve as antibiofilm agents. In the growth process of bio-
Fig. 4 Antibacterial performance of the PEG-MoS2 NFs. (A) Schematic
of the killing of bacteria by PEG-MoS2 via a combination of peroxidase-
like activity and photothermal treatment. (i) Bacteria were absorbed on
PEG-MoS2; (ii) PEG-MoS2 catalyzed the formation of
•OH from the
decomposition of a minimal amount H2O2 to damage the cell mem-
brane integrity; (iii) PEG-MoS2 released abundant heat under irradiation
with a 808 nm laser, thus accelerating GSH oxidation. (B) The survival
rate of Ampr E. coli after treatment with various concentrations of
PEG-MoS2 NFs with or without H2O2 when exposed to the 808 nm
laser. (C) FE-SEM images of Ampr E. coli after different treatments. (a)
PBS, (b) H2O2, (c) MoS2, (d) MoS2 + NIR, (e) MoS2 + H2O2, and (f ) MoS2 +
H2O2 + NIR. Irradiation time: 10 min. Reprinted with permission from
ref. 32. Copyright ACS 2016.
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films, eDNA plays a significant role in the interaction between
the cells and their adhesion to the surface. Also, it is closely
related to the formation of structural stability, the guidance of
bacterial motility, and the resistance to antibiotics.64,65
Accordingly, eliminating eDNA is likely to be a promising
method for disrupting the biofilm. DNase is a kind of enzyme
capable of disposing off eDNA.66 However, the limited pene-
trating ability and operational stability impede its further
application. It is well known that Ce(IV)-containing biocatalysts
can serve as DNase mimics to hydrolyze DNA or RNA. Qu and
colleagues successfully synthesized DNase-mimetic artificial
enzyme (DMAE) by assembling cerium(IV) ion complexes on
the Au component of the Fe3O4/SiO2 core/shell nanoparticles.
The obtained DMAE showed efficient penetration and exhibi-
ted outstanding DNase-like property. It could induce the clea-
vage of 80% eDNA inside the biofilms and prevented over 90%
of bacterial adhesion. Furthermore, DMAE was able to degrade
eDNA in the established biofilms, consequently damaging the
integrity of the established biofilms, which natural DNase
could not match.45 A recent study indicated that the marriage
of two kinds of nanozymes could achieve complete biofilm
elimination and the prevention of secondary biofilm for-
mation. In this study, Au-doped MIL-88B (Fe) (named as
MOF−Au) was first prepared to exert peroxidase-like activity. On
adjusting the dosage of Au to 2.5 μmol, the obtained
MOF−2.5Au could achieve the highest peroxidase-like activity.
Ce complexes were then modified on the surface of the pre-
pared MOF−2.5Au to provide DNase-like activity. In this way, the
obtained MOF−2.5Au–Ce could possess both peroxidase- and
DNase-like activity. The antibacterial treatment and mouse
wound model demonstrated that MOF−2.5Au–Ce alone could
only disperse the biofilms, while the combined system of both
MOF−2.5Au–Ce–H2O2 could destroy most of the biofilms.
Compared with the MOF−2.5Au/H2O2 mixture system,
MOF−2.5Au–Ce–H2O2 caused more severe loss of biomass. These
outcomes confirmed the idea that the integrated nanozymes
(MOF−2.5Au–Ce) were able to disperse the biofilms via DNase-
mimic activity and simultaneously killed the exposed bacteria
by ROS.46 This work can provide a creative way to enhance the
anti-biofilm efficacy by a nanozyme-based synergistic system.
Furthermore, nanomaterials with haloperoxidase-like
activity could also be used for anti-biofilm activity through
interfering quorum sensing. Quorum sensing is a cell-to-cell
communication process that helps a bacterial community to
regulate the gene expression in response to cell density
changes. Bacteria exchange information through quorum
sensing, thus eliciting a series of physiological activities to
build an advanced organism. Quorum sensing relies highly on
chemical signal molecules, namely, autoinducers, which
deliver information on the cell density changes. Quenching
these signaling compounds can seriously interfere with
quorum sensing, which consequently inhibits the formation of
biofilm. Haloperoxidase has been proved to have the ability to
catalyze the synthesis of antagonists against the autoinducers
to disrupt QS.67,68 Inspired by this, Tremel et al. discovered
that CeO2−x nanorods exhibited intrinsic haloperoxidase-like
capacity and could be used for combating biofilms. In the
presence of Br− and H2O2, the CeO2−x nanorods could catalyze
the production of HOBr. The generated HOBr was destructive
for the biofilms. They interpreted that the CeO2−x nanorods
containing both tri- and tetravalent states of cerium could
form a polycrystalline construction. This mixed-valence state
might contribute to rapid redox cycles, which correlated
closely with the catalytic activity. To verify the potential appli-
cation of the CeO2−x nanorods, a plate coated with a CeO2−x
nanorod-containing paint was designed. The control experi-
ment demonstrated that the CeO2−x-treated plate showed little
indication of biofouling.47 Similarly, CeO2−x nanorods could
be used in nanofibers to prevent biofilm formation. A study
showed that electrospun PVA mats containing the CeO2−x
nanorods showed haloperoxidase-like activity and high anti-
biofouling properties.69
Summary and outlook
In this review, we summarized the recent progress of nano-
zymes for antibacterial/antibiofilm applications. The catalytic
Fig. 5 Antibacterial efficiency of IOPs. (A) Schematic of biofilm disrup-
tion treated with SPIONs with/without antimicrobials. (B) Anti-biofilm
efficiency of IOPs. Laser scanning confocal microscopy images for LIVE
(green)/DEAD (red) staining of biofilms under different treatments for
24 h (1 × stock = 100 mg mL−1 SPION; 50 mg mL−1 methicillin). (a) Living
and dead bacteria in the boundary of the external applied magnetic field
for different treatments from tile scans collected halfway across the
biofilm. (b) 3D reconstructions of z-stacks collected across the biofilm
thickness inside the magnetic field. Reprinted with permission from ref.
44. Copyright Elsevier 2017.
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activities, such as enzyme-like activities of peroxidase, oxidase,
DNase, and haloperoxidase, of nanozymes can cause irrevers-
ible damage to bacteria/biofilms. These nanozymes as anti-
microbial agents have a host of advantages including low cost,
high stability, easy functionalization, and other attractive
optical, electronic, and magnetic properties. However, there
are still several problems that need to be addressed for the
further development of nanozymes and their antimicrobial
applications.
(1) Although nanozymes can overcome some shortcomings
of natural enzymes, their catalytic activities cannot keep up
with that of the natural enzymes. Moreover, nanozymes
usually have a low binding affinity for the substrate. Therefore,
the exploration of highly efficient nanozymes with excellent
substrate affinity is urgently needed. An effective way is to
further optimize their size, morphology, component as well as
surface modification. For instance, through surface
functionalization,70 we can mimic the surface microenvi-
ronment of the natural enzymes and thus obtain better affinity
towards the substrates. Alternatively, the design of novel nano-
zymes provides an additional way to construct highly efficient
antimicrobial agents. To date, the focus has been on redox
nanozymes. The introduction of new nanozymes, especially
new types of nanozymes (e.g., proteolytic enzyme), might
provide unexpected antimicrobial activities.
(2) Although nanomaterials possess many attractive optical,
electronic, and magnetic properties, these properties have not
been utilized. By integrating these special physicochemical
properties, unique systems may be constructed.
(3) Previous studies have shown that many nanomaterials
can simultaneously possess multi-enzyme-like properties;
however, whether these enzymatic activities will interfere with
each other is unclear. For instance, gold nanoparticles have
peroxidase, superoxide dismutase and catalase mimicking
activities. The presence of the superoxide dismutase- and cata-
lase-like activities might affect the overall antimicrobial per-
formance of nanomaterials.71,72 Therefore, researchers need to
pay more attention to these issues.
(4) Plenty of nanozymes have been discovered to have the
capability of killing bacteria and inhibiting biofilm formation.
However, the detailed mechanisms are still unclear.
(5) For exploring the practical applications of nanozymes
in vivo, the long-term biosafety of nanozymes should be con-
sidered in the future as most of the toxicity examinations
reported to date have been performed on mice for a short
period of time. Moreover, whether a hidden safety risk exists
should be paid more attention to in the future.
Due to the rapid advancement in nanotechnology and the
enormous achievements in bio- and biomimetic applications,
we expect that this active research area will continue to thrive
and mature in the future.
Conflicts of interest
There are no conflicts to declare.
Acknowledgements
This work was financially supported by the National Nature
Science Foundation (No. 21401154), the Natural Science
Foundation of Fujian Province of China (No. 2019J06001), 111
project (B16029), and the Guangdong Natural Science
Foundation (No. 2014A030310005), the Fundamental Research
Funds for the Central Universities of China (No. 20720170011,
20720140528). X. Y. L.’s primary affiliation is with the
Department of Physics, National University of Singapore.
Notes and references
1 P. V. Baptista, M. P. McCusker, A. Carvalho, D. A. Ferreira,
N. M. Mohan, M. Martins and A. R. Fernandes, Front.
Microbiol., 2018, 9, 1441.
2 F. Duan, X. C. Feng, Y. Jin, D. W. Liu, X. J. Yang,
G. Q. Zhou, D. D. Liu, Z. H. Li, X. J. Liang and J. C. Zhang,
Biomaterials, 2017, 144, 155–165.
3 M. Moghayedi, E. K. Goharshadi, K. Ghazvini,
H. Ahmadzadeh, R. Ludwig and M. Namayandeh-Jorabchi,
Mater. Chem. Phys., 2017, 188, 58–67.
4 N. Huang, X. Chen, X. F. Zhu, M. M. Xu and J. Liu,
Biomaterials, 2017, 141, 296–313.
5 K. M. G. O’Connell, J. T. Hodgkinson, H. F. Sore, M. Welch,
G. P. C. Salmond and D. R. Spring, Angew. Chem., Int. Ed.,
2013, 52, 10706–10733.
6 M. Wegener, M. J. Hansen, A. J. M. Driessen, W. Szymanski
and B. L. Feringa, J. Am. Chem. Soc., 2017, 139, 17979–
17986.
7 G. M. Wang, H. Q. Feng, L. S. Hu, W. H. Jin, Q. Hao,
A. Gao, X. Peng, W. Li, K. Y. Wong and H. Y. Wang, Nat.
Commun., 2018, 9, 2055.
8 Y. Yang, L. Ma, C. Cheng, Y. Y. Deng, J. B. Huang, X. Fan,
C. X. Nie, W. F. Zhao and C. S. Zhao, Adv. Funct. Mater.,
2018, 28, 1705708.
9 G. Vitiello, B. Silvestri and G. Luciani, Curr. Top. Med.
Chem., 2018, 18, 22–41.
10 S. Chernousova and M. Epple, Angew. Chem., Int. Ed., 2013,
52, 1636–1653.
11 J. C. Yu, W. K. Ho, J. G. Yu, H. Yip, P. K. Wong and
J. C. Zhao, Environ. Sci. Technol., 2005, 39, 1175–1179.
12 Z. Wang, T. Xia and S. J. Liu, Nanoscale, 2015, 7, 7470–
7481.
13 P. Li, J. Z. Li, X. Feng, J. Li, Y. C. Hao, J. W. Zhang,
H. Wang, A. X. Yin, J. W. Zhou, X. J. Ma and B. Wang, Nat.
Commun., 2019, 10, 2177.
14 C. Liu, D. S. Kong, P. C. Hsu, H. T. Yuan, H. W. Lee,
Y. Y. Liu, H. T. Wang, S. Wang, K. Yan, D. C. Lin,
P. A. Maraccini, K. M. Parker, A. B. Boehm and Y. Cui, Nat.
Nanotechnol., 2016, 11, 1098–1104.
15 Y. H. Lin, J. S. Ren and X. G. Qu, Acc. Chem. Res., 2014, 47,
1097–1105.
16 H. Wei and E. K. Wang, Chem. Soc. Rev., 2013, 42,
6060–6093.
Nanoscale Minireview
This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 22206–22215 | 22213
Pu
bl
is
he
d 
on
 1
9 
A
ug
us
t 2
01
9.
 D
ow
nl
oa
de
d 
by
 X
ia
m
en
 U
ni
ve
rs
ity
 o
n 
2/
10
/2
02
0 
1:
50
:4
2 
A
M
. 
View Article Online
17 H. Wang, K. W. Wan and X. H. Shi, Adv. Mater., 2018,
1805368.
18 X. L. Sun, S. J. Guo, C. S. Chung, W. L. Zhu and S. H. Sun,
Adv. Mater., 2013, 25, 132–136.
19 Y. H. Hu, H. J. Cheng, X. Z. Zhao, J. J. Wu, F. Muhammad,
S. C. Lin, H. Jian, L. Q. Zhou, C. P. Zhang, D. Yu, P. Wang,
Z. Y. Zhou, S. M. Nie and H. Wei, ACS Nano, 2017, 11,
5558–5566.
20 L. Z. Hu, H. Liao, L. Y. Feng, M. Wang and W. S. Fu, Anal.
Chem., 2018, 90, 6247–6252.
21 S. S. Fan, M. G. Zhao, L. J. Ding, L. Hui and S. G. Chen,
Biosens. Bioelectron., 2017, 89, 846–852.
22 B. W. Liu, Z. C. Huang and J. W. Liu, Nanoscale, 2016, 8,
13562–13567.
23 Y. K. Zheng, W. W. Liu, Z. J. Qin, Y. Chen, H. Jiang and
X. M. Wang, Bioconjugate Chem., 2018, 29, 3094–3103.
24 B. Garg and T. Bisht, Molecules, 2016, 21, 1653–1668.
25 S. J. Luo, Y. Q. Liu, H. B. Rao, Y. Y. Wang and X. X. Wang,
Anal. Biochem., 2017, 538, 26–33.
26 Z. Z. Wang, Y. Zhang, E. G. Ju, Z. Liu, F. F. Cao, Z. W. Chen,
J. S. Ren and X. G. Qu, Nat. Commun., 2018, 9, 3334–3347.
27 S. M. Liu, S. T. Cao, J. Y. Guo, L. Q. Luo, Y. Zhou, C. L. Lin,
J. Y. Shi, C. H. Fan, M. Lv and L. H. Wang, Nanoscale, 2018,
10, 19603–19611.
28 Y. Seo, J. Hwang, E. Lee, Y. J. Kim, K. Lee, C. Park,
Y. Choi, H. Jeon and J. Choi, Nanoscale, 2018, 10, 15529–
15544.
29 M. Natan and E. Banin, FEMS Microbiol. Rev., 2017, 41,
302–322.
30 W. Bing, H. J. Sun, Z. Q. Yan, J. S. Ren and X. G. Qu, Small,
2016, 12, 4713–4718.
31 J. L. Gehring, B. Trepka, N. Klinkenberg, H. Bronner,
D. Schleheck and S. Polarz, J. Am. Chem. Soc., 2016, 138,
3076–3084.
32 W. Y. Yin, Y. Jie, F. T. Lv, Y. Liang, R. Z. Li, Z. J. Gu and
Y. L. Zhao, ACS Nano, 2016, 10, 11000–11011.
33 J. Yao, Y. Cheng, M. Zhou, S. Zhao, S. C. Lin, X. Y. Wang,
J. J. X. Wu, S. R. Li and H. Wei, Chem. Sci., 2018, 9, 2927–
2933.
34 H. W. Ji, K. Dong, Z. Q. Yan, C. Ding, Z. W. Chen, J. S. Ren
and X. G. Qu, Small, 2016, 12, 6200–6206.
35 Y. Jv, B. X. Li and R. Cao, Chem. Commun., 2010, 46, 8017–
8019.
36 S. Chen, Y. Quan, Y. L. Yu and J. H. Wang, ACS Biomater.
Sci. Eng., 2017, 3, 313–321.
37 D. P. Cormode, L. Z. Gao and H. Koo, Trends Biotechnol.,
2018, 36, 15–29.
38 Z. W. Chen, Z. Z. Wang, J. S. Ren and X. G. Qu, Acc. Chem.
Res., 2018, 51, 789–799.
39 B. L. Xu, H. Wang, W. W. Wang, L. Z. Gao, S. S. Li,
X. T. Pan, H. Y. Wang, H. L. Yang, X. Q. Meng, Q. W. Wu,
L. R. Zheng, S. M. Chen, X. H. Shi, K. L. Fan, X. Y. Yan and
H. Y. Liu, Angew. Chem., Int. Ed., 2019, 58, 4911–4916.
40 H. Wang, P. H. Li, D. Q. Yu, Y. Zhang, Z. Z. Wang,
C. Q. Liu, H. Qiu, Z. Liu, J. S. Ren and X. G. Qu, Nano Lett.,
2018, 18, 3344–3351.
41 M. N. Karim, M. Singh, P. Weerathunge, P. J. Bian,
R. K. Zheng, C. Dekiwadia, T. Ahmed, S. Walia,
E. D. Gaspera, S. Singh, R. Ramanathan and V. Bansal,
ACS Appl. Nano Mater., 2018, 1, 1694–1704.
42 C. C. Ge, R. F. Wu, Y. Chong, G. Fang, X. M. Jiang, Y. Pan,
C. Y. Chen and J. J. Yin, Adv. Funct. Mater., 2018, 28,
1801484–1801494.
43 Z. Q. Yan, W. Bing, C. Ding, K. Dong, J. S. Ren and
X. G. Qu, Nanoscale, 2018, 10, 17656–17662.
44 B. M. Geilich, I. Gelfat, S. Sridhar, A. L. van de Ven and
T. J. Webster, Biomaterials, 2017, 119, 78–85.
45 Z. W. Chen, H. W. Ji, C. Q. Liu, W. Bing, Z. Z. Wang and
X. G. Qu, Angew. Chem., Int. Ed., 2016, 55, 10890–10894.
46 Z. W. Liu, F. M. Wang, J. S. Ren and X. G. Qu, Biomaterials,
2019, 208, 21–31.
47 K. Herget, P. Hubach, S. Pusch, P. Deglmann, H. Gotz,
T. E. Gorelik, I. A. Gural’skiy, F. Pfitzner, T. Link, S. Schenk,
M. Panthofer, V. Ksenofontov, U. Kolb, T. Opatz, R. Andre
and W. Tremel, Adv. Mater., 2017, 29, 1603823.
48 H. Jiang, Z. H. Chen, H. Y. Cao and Y. M. Huang, Analyst,
2012, 137, 5560–5564.
49 A. J. Kell, G. Stewart, S. Ryan, R. Peytavi, M. Boissinot,
A. Huletsky, M. G. Bergeron and B. Simard, ACS Nano,
2008, 2, 1777–1788.
50 C. P. Wang, Q. Zhang, X. Y. Wang, H. Chang, S. J. Zhang,
Y. K. TanG, J. H. Xu, R. J. Qi and Y. Y. Cheng, Angew. Chem.,
Int. Ed., 2017, 56, 6767–6772.
51 K. L. Fan, H. Wang, J. Q. Xi, Q. Liu, X. G. Meng,
D. M. Duan, L. Z. Gao and X. Y. Yan, Chem. Commun., 2016,
53, 424–427.
52 W. Li, Y. Li, Z. L. Liu, B. Lin, H. B. Yi, F. Xu, Z. Nie and
S. Z. Yao, Nucleic Acids Res., 2016, 44, 7373–7384.
53 J. L. Sang, R. L. Wu, P. P. Guo, J. Du, S. M. Xu and
J. D. Wang, J. Appl. Polym. Sci., 2016, 133, 43065–43074.
54 G. B. Qi, D. Zhang, F. H. Liu, Z. Y. Qiao and H. Wang, Adv.
Mater., 2017, 29, 1703461.
55 X. C. Wang, J. Chang and C. T. Wu, Appl. Mater. Today,
2018, 11, 308–319.
56 Z. B. Xu, Z. Y. Qiu, Q. Liu, Y. X. Huang, D. D. Li, X. G. Shen,
K. L. Fan, J. Q. Xi, Y. H. Gu, Y. Tang, J. Jiang, J. L. Xu,
J. Z. He, X. F. Gao, Y. Liu, H. Koo, X. Y. Yan and L. Z. Gao,
Nat. Commun., 2018, 9, 3713–3725.
57 Q. Chen, L. G. Xu, C. Liang, C. Wang, R. Peng and Z. Liu,
Nat. Commun., 2016, 7, 13193–13205.
58 H. W. Gu, P. L. Ho, E. Tong, L. Wang and B. Xu, Nano Lett.,
2003, 3, 1261–1263.
59 H. C. Flemming and J. Wingender, Nat. Rev. Microbiol.,
2010, 8, 623–633.
60 H. C. Flemming, J. Wingender, U. Szewzyk, P. Steinberg,
S. A. Rice and S. Kjelleberg, Nat. Rev. Microbiol., 2016, 14,
563–575.
61 N. G. Durmus, E. N. Taylor, K. M. Kummer and
T. J. Webster, Adv. Mater., 2013, 25, 5706–5713.
62 L. Z. Gao, Y. Liu, D. Y. Kim, Y. Li, G. Hwang, P. C. Naha,
D. P. Cormode and H. Koo, Biomaterials, 2016, 101,
272–284.
Minireview Nanoscale
22214 | Nanoscale, 2019, 11, 22206–22215 This journal is © The Royal Society of Chemistry 2019
Pu
bl
is
he
d 
on
 1
9 
A
ug
us
t 2
01
9.
 D
ow
nl
oa
de
d 
by
 X
ia
m
en
 U
ni
ve
rs
ity
 o
n 
2/
10
/2
02
0 
1:
50
:4
2 
A
M
. 
View Article Online
63 Y. Liu, P. C. Naha, G. Hwang, D. Kim, Y. Huang, A. Simon-
Soro, H. I. Jung, Z. Ren, Y. Li, S. Gubara, F. Alawi, D. Zero,
A. T. Hara, D. P. Cormode and H. Koo, Nat. Commun., 2018,
9, 2920–2931.
64 H. Wolfmeier, D. Pletzer, S. C. Mansour and
R. E. W. Hancock, ACS Infect. Dis., 2018, 4, 93–106.
65 J. Ye, C. Shao, X. Zhang, X. Y. Guo, P. Gao, Y. Z. Cen,
S. Q. Ma and Y. Liu, Mater. Sci. Eng., C, 2017, 78, 738–747.
66 C. B. Whitchurch, T. Tolker-Nielsen, P. C. Ragas and
J. S. Mattick, Science, 2002, 295, 1487–1487.
67 A. Butler and M. Sandy, Nature, 2009, 460, 848–854.
68 K. Herget, H. Frerichs, F. Pfitzner, M. N. Tahir and
W. Tremel, Adv. Mater., 2018, 30, 1707073.
69 M. H. Hu, K. Korschelt, M. Viel, N. Wiesmann, M. Kappl,
J. Brieger, K. Landfester, H. Thérien-Aubin and W. Tremel,
ACS Appl. Mater. Interfaces, 2018, 10, 44722–44730.
70 A. Gupta, R. Das, G. Y. Tonga, T. Mizuhara and
V. M. Rotello, ACS Nano, 2018, 12, 89–94.
71 Y. H. Lin, J. S. Ren and X. G. Qu, Adv. Mater., 2014, 26,
4200–4217.
72 Y. Y. Huang, J. S. Ren and X. G. Qu, Chem. Rev., 2019, 119,
4357–4412.
Nanoscale Minireview
This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 22206–22215 | 22215
Pu
bl
is
he
d 
on
 1
9 
A
ug
us
t 2
01
9.
 D
ow
nl
oa
de
d 
by
 X
ia
m
en
 U
ni
ve
rs
ity
 o
n 
2/
10
/2
02
0 
1:
50
:4
2 
A
M
. 
View Article Online
